The idea has been put forward that molecules and mechanisms acting during development are re-used during regeneration in the adult, for example in response to traumatic injury in order to re-establish the functional integrity of neuronal circuits. Members of the Eph family of receptor tyrosine kinases and their`ligands', the ephrins, play a prominent role during development of the retinocollicular projection in rodents, where EphA receptors and ephrin-As are expressed in gradients in both the retina and the superior colliculi (SC). We were interested in investigating whether EphA family members are also expressed or re-expressed in the adult after optic nerve lesion, since the presence of axon guidance information is an important prerequisite for a topographically appropriate re-connection by retinal ganglion cell (RGC) axons. This analysis was encouraged by results showing that RGC axons do not exert guidance preferences in response to membranes from adult unlesioned SC, but in response to membranes from the adult deafferented SC. We found a graded expression pattern of ephrin-As in the SC both before and after deafferentation, which was remarkably similar to those found during development. EphA receptor levels were reduced in the SC after deafferentation and the expression patterns of the EphB family were not changed. In particular, the presence of a graded ephrin-A expression in the deafferented SC suggests that ± if robust regeneration of RGC axons can be achieved ± topographic guidance information as a likely requirement for a functionally successful re-establishment of the retinocollicular projection is available. q
Introduction
The adult central nervous system (CNS) of mammals possesses little ability for self-repair after an injury, that is, most parts of the CNS cannot generate new neurons and do not regenerate axons. Therefore, a re-establishment of damaged functional circuits appears not to be possible. This is in contrast to the peripheral nervous system (PNS) or the immature mammalian CNS, where successful regeneration is possible.
The apparent inability of the adult mammalian CNS to regenerate occurs despite the inherent ability of CNS axons to re-initiate axon growth at least to some extent. Work of the last decades has led to the characterization of factors associated with this inability, such as lack of growthpromoting molecules and molecules required for outgrowth and guidance, scar formation at the site of injury, presence of growth inhibitory molecules, and degeneration of axotomized neurons (for reviews, see Caroni, 1998; Behar et al., 2000; Goldberg and Barres, 2000) .
At present, various approaches aimed at overcoming these obstacles are being investigated, including the use of neutralizing monoclonal antibodies against growth-inhibiting activities (Schnell and Schwab, 1990; Huang et al., 1999) , interference with signaling pathways activated by inhibitory molecules (Cai et al., 1999; Lehmann et al., 1999) , prevention/removal of the scar tissue (Stichel et al., 1999) , blocking of apoptosis (for review, see Ba Èhr, 2000) , implantation of growth-promoting cells (McDonald et al., 1999; Ramon-Cueto et al., 2000) , or the expression of growth-promoting proteins (Behar et al., 2000; Bomze et al., 2001; Ramer et al., 2000) .
With an increased understanding of the factors contributing to the inhibition of regeneration and therapeutic targeting, the eventual possibility arises that, ®nally, regeneration of axons and topographically correct re-innervation of their target tissue will be achieved. We are interested in the question of whether regenerating axons might then be able to reconnect with their target cells in such a way that a functionally successful regeneration can occur.
It is generally believed that mechanisms and molecules, which act in axon guidance during development, are reactivated and re-used in the adult after lesioning axon tracts (Aubert et al., 1995) . Based on this assumption, we have chosen the well-characterized retinotectal projection (Flanagan and Vanderhaeghen, 1998; O'Leary et al., 1999; Wilkinson, 2000) as a`model' system to study the reestablishment of proper axonal connections.
Members of the Eph family of receptor tyrosine kinases and their ligands, the ephrins, appear to be major players in the initial establishment of the topographic projections of retinal axons in the tectum/superior colliculus (SC) (Drescher et al., 1997; Flanagan and Vanderhaeghen, 1998; O'Leary et al., 1999) .
The expression patterns of the Eph family were analyzed 2 weeks after optic nerve (ON) transection. We have chosen this time point on the basis of previous in vitro data showing that there is a change in the properties of the SC with respect to axon guidance information 2 weeks after deafferentation (Wizenmann et al., 1993; Ba Èhr and Wizenmann, 1996) .
For the analysis of the expression patterns of the EphA family, we have used soluble fusion proteins made up of the extracellular domain of the respective EphA receptor or ephrin-A fused to alkaline phosphatase (Cheng and Flanagan, 1994) . Due to the extensive cross-reactivity within the Eph family, a receptor or ligand fusion protein can be used to detect the expression pattern of the corresponding ligands or receptors, respectively (Gale et al., 1996) .
For the most part we have analyzed sagittal sections, as we were particularly interested in the expression patterns of ephrin-As with regard to the antero-posterior axis. A conserved graded expression pattern of ephrin-A2 and ephrin-A5 is well known from the analysis of the development of the retinocollicular projection (Frisen et al., 1998) .
We found that the expression patterns of EphA receptors and ephrin-As in the deafferented SC resembled the patterns during development of the retinocollicular projection. Our data support the notion that if regenerating retinal axons can be induced to reach their target area, they might also be able to ®nd their correct topographic positions.
Results

Expression pattern of ephrin-As
When using an EphA3-AP fusion protein to detect sites of ephrin-A expression in the adult non-deafferented SC, we observed a gradient of staining of the SC (Fig. 1A) , which was remarkably similar to the staining obtained for the Fig. 1 . Ephrin-A protein expression pattern in the adult normal (A) and deafferented (B) mouse SC. Serial sagittal sections of a normal adult (control) and a deafferented SC at comparable distances from the midline were analyzed for ephrin-A expression by staining with EphA3-AP. This fusion protein binds all ephrin-A ligands. In (A), the SC is marked by a dotted line, the IC by a dashed line. Expression of ephrin-As is highest at the border between the SC and IC, marked by an arrow. Ephrin-A expression decreases toward the anterior pole of the SC. There is no apparent difference in the ephrin-A expression patterns between normal and deafferented SC (A,B) . No or only weak expression of ephrin-As is detected in the IC. Ephrin-As are weakly expressed in the adjacent molecular layer of the cerebellum (arrowheads). The three pictures shown in (A,B) are derived in each case from one and the same SC. A, anterior; D, dorsal; P, posterior; V, ventral; IC, inferior colliculus; SC, superior colliculus. Scale-bar: 100 mm. embryonic and neonatal SC (Cheng and Flanagan, 1994) . The expression level was found highest at the border of the SC with the inferior colliculus (IC), with a broad band of expression extending into deeper layers of the SC (Fig. 1A) . From here, the ephrin-A expression level gradually weakens toward the anterior SC.
In contrast to results obtained from analyzing the developing mid-and hindbrain (Cheng and Flanagan, 1994) , EphA3-AP binding was not detected in the adult IC, which indicates a lack of expression of ephrin-As in this region. However, it is worth mentioning that ephrin-As are expressed in the molecular layer of the cerebellum (Fig. 1A) .
When analyzing sagittal sections derived from the deafferented SC, we observed no changes in staining patterns compared to those from adult normal SC. The graded expression pattern of ephrin-As was clearly visible and apparently the intensity of staining was also not altered (Fig. 1B) .
Expression pattern of EphA receptors
Staining of sagittal sections of the adult non-deafferented SC with ephrin-A5-AP indicated a strong expression of EphA receptors in the super®cial layers of the SC ( Fig.  2A) , where synaptic contacts are formed between RGC axons and collicular cells. There is also a weak expression in the deeper layers of the SC. Interestingly, as has been observed for the embryonic midbrain (Ciossek et al., 1995a) , we consistently found a higher expression of EphA receptors in the anterior than in the posterior part of the SC. We did not detect expression of EphA receptors in the IC ( Fig. 2A) , but in the molecular layer of the cerebellum, similar to the expression of ephrin-As (Fig. 1A) . Fig. 2 . Expression pattern of EphA receptors in sagittal (A) and coronal (B) sections from either adult normal (control) or deafferented mice. Sections were stained with an ephrin-A5-AP fusion protein, which binds with high af®nity EphA receptors. In sagittal sections from control animals, a high anterior to low posterior expression pattern of EphA receptors in the super®cial layer (super®cial gray) of the SC is apparent, but only weak staining in deeper SC layers. There is no differential expression pattern with regard to the medio-lateral axis of the SC (B). Two weeks after deafferentation, the amount of EphA receptor protein is strongly reduced. EphA receptors are strongly expressed also in the cortex (cx) and co-localize with ephrin-As in the molecular layer of the cerebellum (arrowhead). There is no expression in the IC. The border between SC and IC is indicated by an arrow. A, anterior; P, posterior; D, dorsal; V, ventral; cx, cortex.
Deafferentation of the SC results in a signi®cant reduction of the EphA receptor protein level (Fig. 2) . The staining of the neocortex, which is located dorsal to the SC, can be used as an internal reference for a comparison of the signal intensities derived from AP staining in the normal and deafferented SC.
Very similar data were obtained when analyzing the normal and deafferented SC in coronal sections (Fig. 2B ). Here again, EphA receptor expression is seen in the super®cial collicular layer in non-deafferented mice, which is markedly reduced after abolishing the input from the retina (Fig. 2B ).
RNA expression of ephrin-As
In the next step we investigated the expression patterns of the EphA family by mRNA in situ hybridization to determine which of the ligands and receptors in particular are expressed in the adult SC and are possibly affected by deafferentation.
As ephrin-A1 is not expressed in the CNS, we have con®ned our analysis to ephrin-A2±ephrin-A5. To our surprise, repeatedly none of these probes showed any speci®c hybridization in the SC. To exclude technical problems as reason for this ®nding, we have performed in parallel, i.e. on the same slides, in situ hybridization of sections from embryonic mice and obtained here clear and speci®c signals in regions known to express ephrin-As (data not shown, Zhou, 1998).
RNA expression pattern of the EphA receptors
Likewise, we investigated the mRNA expression patterns of individual EphA receptors (ephA2±ephA7) in the adult non-deafferented SC. Here we found that only ephA4-and ephA7-speci®c probes gave clear signals (Figs. 3 and 4) . The mRNA expression pattern of ephA7 was most similar to the protein expression revealed by ephrin-A5-AP, which is a higher expression in the anterior than in the posterior part of the SC and no expression in the IC (Fig. 3A) .
In the deafferented SC, ephA7 mRNA expression levels appear to be similar to normal SC, including the differential expression with respect to the antero-posterior axis (Fig. 3) .
The results from an analysis of the distribution of ephA7 transcripts in coronal sections matches the expression patterns found in sagittal sections ( Fig. 3B ): ephA7 is expressed in super®cial and deep layers of the SC (Fig.  3B) , and deafferentation does not lead to changes in ephA7 mRNA levels (Fig. 3B) .
Whereas ephA7 is expressed throughout both super®cial and deep layers of the SC, ephA4 transcripts are con®ned to more super®cial layers, and are here mostly concentrated to the super®cial and inner gray layers (Fig. 4A , Wilms and Ba Èhr, 1995) . After ON lesion, we did not observe obvious changes in the level of ephA4 mRNA expression in the SC (Fig. 4B) .
Expression pattern of the EphB family
In addition, we have analyzed the expression pattern of the EphB family in the SC (Fig. 5) . Some members of this Eph subfamily show intriguing expression patterns in the SC during development of the retinotectal projection, although their precise functions remain elusive so far (Braisted et al., 1997; Connor et al., 1998) .
In adult mice, EphB receptors are strongly expressed in the SC and appear to be concentrated in two layers, the super®cial and intermediate gray, as revealed by probing sagittal and coronal sections with ephrin-B2-AP (Fig. 5A) . In addition, we observed strong expression in the IC and in the molecular layer of the cerebellum. Interestingly, in the IC, EphB receptors are differentially expressed with a higher level in the posterior IC, which points to a patterning role within the auditory system. The EphB expression patterns in response to deafferentation of the SC are not changed (Fig. 5A) .
When analyzing sagittal sections with an EphB3-AP probe to detect ephrin-B ligands, we did not observe any speci®c staining (Fig. 5B ). Since we obtained clear signals in other parts of the tissue sections analyzed (data not shown), we concluded that there is little, if any, expression of ephrin-Bs in the adult SC. We also did not observe an upregulation of ephrin-B expression after deafferentation (Fig. 5B) .
Discussion
We have analyzed the expression patterns of the Eph family of axon guidance molecules in the retinocollicular projection before and after ON transection in order to investigate the presence of topographic axon guidance information as an important requirement for a functionally successful re-connection during regeneration in the visual system. Whereas tectal EphA receptor levels are markedly reduced after lesion, we observed an unchanged differential expression pattern of ephrin-As before and after deafferentation, similar to the ephrin-A expression found during development. In addition, there were no changes in the expression patterns of EphB receptors and ephrin-B ligands.
Expression of axon guidance molecules after axon tract damage
Only few data are currently available with regard to the expression of axon guidance molecules following axon tract damage in adult mammals. Recently, the expression pattern of semaIII and one of its receptors, neuropilin-1, was investigated after lesioning the lateral olfactory tract (Pasterkamp et al., 1998 (Pasterkamp et al., , 1999 , which connects the olfactory bulb to the entorhinal cortex. As with most other axon tracts in the adult, a successful regeneration of this projection does not occur. Pasterkamp et al. found an upregulation of semaIII in the scar tissue in ®broblast-like cells, while neurons of the transected axon tract showed an upregulation of neuropilin-1. This suggests that semaphorins contribute to the growth inhibitory characteristics of the scar region after lesion of axon tracts.
During development, netrins and their receptors are involved in path®nding of RGC axons when leaving the eyecup to enter the ON (Deiner et al., 1997) . In the adult, netrins are no longer expressed at the ON head, neither before nor after ON transection. As the expression of the netrin receptors is downregulated after ON lesion, it appears that this system will not be available per se to support RGC axon path®nding out of the eye after lesion (Petrausch et al., 2000) .
After transection of the spinal cord, the EphB3 receptor is upregulated in the lesion epicenter on GFAP-positive astrocytes, and might here be involved in forming an inhibitory barrier for axons expressing the respective ephrin-B ligands (Miranda et al., 1999) .
EphA receptor expression patterns
In the experiments performed here, we have investigated the expression pattern of the Eph family not at the lesion site, but in a target area of these axons, the SC. We observed a severe reduction in EphA receptor protein level after deafferentation, particularly in the super®cial layer of the SC. In Fig. 3 . EphA7 mRNA expression patterns in adult normal and deafferented SC. Using mRNA in situ hybridization, sagittal (A) and coronal (B) sections from normal adult (control) and deafferented SC were analyzed for expression of the ephA7 receptor. There is a high anterior to low basal expression level of ephA7-speci®c transcripts in both adult normal and deafferented SC, which appears to be uniformly distributed over all layers of the SC. There is no downregulation of ephA7 transcripts after deafferentation of the SC. Except for the ephA4 receptor (see Fig. 4 ), all other ephA receptors analyzed are not expressed in the SC. A, anterior; P, posterior; D, dorsal; V, ventral; cx, cortex.
principle, EphA receptor proteins might be derived from an expression in the retina and subsequent axonal transport into the SC, from a tectal expression, or from both. When analyzing the expression patterns of EphA receptors on mRNA level, only the ephA4 and ephA7 receptor were found to be expressed in the SC. As the level of ephA4-and ephA7-speci®c transcripts was not obviously changed after deafferentation, it appears that the strong reduction in (B) for expression of the ephA4 receptor. EphA4-speci®c transcripts are found in the super®cial layers in both the normal adult and deafferented SC at similar expression levels. Expression appears to be concentrated in the super®cial and inner gray of the SC. In comparison with the expression pattern of the ephA7 receptor (Fig. 3) , EphA4 transcripts are located in the super®cial layers of the SC. We did not detect any differential expression of the ephA4 receptor with regard to the antero-posterior axis (data not shown). D, dorsal; V, ventral; cx, cortex.
EphA receptor protein levels in the SC re¯ects predominantly an abolishment of ephA4 and ephA7 receptor expression in the retina due to RGC death. However, it is also possible that the EphA receptor protein derives prominently from an expression in the SC, which ± after deafferentation ± is diminished post-translationally.
Interestingly, as has been reported for the embryonic SC (Ciossek et al., 1995b) , we observed in the adult SC a differential expression pattern of the ephA7 receptor. Its functional signi®cance, however, has not been dissected so far.
Expression of ephrin-As in the superior colliculli
To our surprise, we found similar gradients of expression of ephrin-As in the adult SC before and after deafferentation. Also, lesioning of the ON does not obviously affect the level of ephrin-A expression. These patterns were remarkably similar to those occurring during development of the retinocollicular projection (Cheng et al., 1995) .
Expression patterns of the EphA family in the retina
ON transection triggers a massive apoptotic cell death of retinal ganglion cells (RGCs) occurring within the ®rst weeks after lesion (Cohen et al., 1994; Mansour-Robaey et al., 1994; Isenmann et al., 1997) . For this reason, it does not appear to be possible to perform a comparative analysis of the expression patterns of the Eph family in the retina before and after lesion. Such an analysis is relevant if it would be possible to prevent quantitatively the induction of apoptosis, for example by blocking caspases (for review, see Ba Èhr, 2000).
Earlier ®ndings derived from stripe assay analysis
Of particular interest with respect to this study were previous ®ndings by Wizenmann et al. (1993) and Ba Èhr and Wizenmann (1996) , who demonstrated ± using the stripe assay (Walter et al., 1987) ± that deafferentation results in a re-appearance of axon guidance information in the adult SC, such that temporal and nasal RGC axons exert growth behaviors correlating well with their topographic projection patterns in vivo. This is particularly noteworthy as membranes from normal, i.e. non-deafferented, SC did not show such activity. In subsequent investigations, changes in the cellular composition of the SC after deafferentation (Wilms and Ba Èhr, 1995) , with a region-speci®c re-appearance of vimentin-positive astrocytes in the anterior SC were detected starting about 1±2 weeks after ON transection. It was speculated that the appearance of thesè immature' astrocytes is associated with an expression of axon guidance molecules.
How do these ®ndings relate to the expression pattern data shown here? Possibly, in the normal adult tissue the repellent activity of ephrin-As is blocked by the simultaneous presence of EphA receptors in the (posterior) SC, such that through EphA receptor/ephrin-A masking (Sobieszczuk and Wilkinson, 1999) , EphA receptors on retinal axons no longer`see' the ephrins in the stripe assay. After deafferentation, EphA receptor levels are severely reduced and ephrin-As might then be available for an interaction with retinal EphA receptors, resulting in the selective outgrowth observed in the stripe assay.
3.6. Evolutionarily conserved expression of ephrin-As in the retinotectal projection
In lower vertebrates ± such as gold®sh ± RGCs (and tectal cells) are newly formed throughout life and retinal axons continuously re-grow into the tectum where they are integrated into the already existing retinotectal map (Stuermer et al., 1992) . In these species also, a functionally successful regeneration of the retinotectal map is possible.
Thus, it appears that in lower vertebrates, proper axon guidance information is expressed in the adult and deafferented tectum. Indeed, recently, expression of ephrin-A molecules has been shown in the adult and regenerating gold®sh and zebra®sh tectum (Becker and Becker, 2000; Rodger et al., 2000) . This provides good evidence that adult and regenerating retinal axons ®nd their proper target areas on the basis of ephrin-A-based guidance cues. It also has been shown that membranes from adult gold®sh contain guidance information functionally very similar to the ephrin-A derived guidance activities of chick or mouse tectal membranes (Vielmetter and Stuermer, 1989) .
Thus, considering the evolutionarily conserved graded expression patterns of ephrin-As in the tectum of lower vertebrates and in the SC of mammals, it appears that axon guidance information for a topographically appropriate re-innervation of RGC axons in the tectum/SC is present ± independent of whether continued axonal ingrowth occurs and regeneration of axons is possible (in lower vertebrates) or not (in mammals). As mentioned above, whereas a functional role of ephrin-As in lower vertebrates seems quite obvious, the role in the unlesioned adult mammalian SC remains unclear, but might indicate an involvement in synaptic plasticity (Davla et al., 2000) .
In an extrapolation of these ®ndings, one might predict that ± if degeneration of RGCs, scar formation, growth inhibition, etc. in the adult mammalian CNS can be overcome or transplants allow regeneration and RGC axons grow up e.g. to the SC ± a functionally intact retinotectal projection might be re-established also in mammals.
Experimental procedures
Animal procedures
Three adult control mice and three experimental mice (C57Bl/6; 6±8 weeks old; approximately 22±24 g) were used. Both ONs were transected in order to completely deprive the SC of bilateral RGC input. Surgery in mice was performed essentially as described earlier for rats (Isen-mann et al., 1998) . Brie¯y, mice were anesthetized by intraperitoneal (i.p.) injection with ketamine (100 mg/kg)/xylacine (16 mg/kg). A skin incision was made close to the superior orbital rim and the orbita was opened. After subtotal resection of the lacrimal gland, the superior extraocular muscles were spread. The ON was exposed and transected at a distance of approximately 1 mm from the eye bulb while preserving the retinal blood supply. After surgery was completed, the retinal blood supply was checked by direct fundoscopy. Operated animals were monitored until they were awake and moved spontaneously. Animal procedures were carried out in accordance with the European Convention for Animal Care and Use of Laboratory Animals and were approved by the local Animal Care Committee.
Tissue processing and examination
Untreated mice and operated mice were sacri®ced 14 days after ON transection by an overdose of i.p. anesthesia. The SC were dissected out, and the tissue was immediately snap frozen and immediately processed for in situ hybridization or AP stainings, respectively, as described by Knoll et al. (2001) . In general, we obtained roughly 60 sections from each mouse; thus each SC was analyzed using all AP probes and all RNA probes. Sections were examined under a Zeiss microscope. Photos were taken at de®ned locations in the anterior, middle, and posterior part of the SC in frontal sections, and at constant distances from the midline in sagittal sections in order to obtain comparable sections in all animals examined. Serial stainings were performed for the markers as described below by sequentially using all sections from all animals.
Staining of sections with AP fusion proteins
For the construction and expression of EphA3-AP, ephrin-A5-AP, EphB3-AP, ephrin-B2-AP and AP fusion proteins, see Ciossek et al. (1998) and Flanagan and Leder (1990) . In brief, sections were re-hydrated for 10 min in HBHA (0.5 mg/ml BSA, 0.1% NaN 3 , 20 mM HEPES pH 7.0 in Hanks-A) and incubated with 7 nM of the indicated AP fusion protein for 2 h. The sections were rinsed four times in HBS (20 mM HEPES pH 7.0, 150 mM NaCl), ®xed for 90 s in 60% acetone, 3.7% formaldehyde, 20 mM HEPES pH 7.0 and washed six times in HBS. Endogenous alkaline phosphatases were inactivated for 1 h at 658C, counterstained with DAPI and incubated for 10 min in AP buffer (0.1 M Tris/HCl pH 9.5, 0.1 M NaCl, 5 mM MgCl 2 in H 2 O). The sections were rinsed for another 10 min in AP-buffer and 10 mM homoarginine and ®nally incubated in the same buffer with 3.5 ml 4-nitroblue tetrazolium chloride (NBT) and 4.5 ml 5-bromo-4-chloro-3-indolylphosphate (BCIP; both from Roche) per ml. The reaction was stopped with phosphate buffer sakine (PBS) after the desired color intensity had been reached.
In situ hybridization
RNA in situ hybridization was performed as described previously (Schaeren-Wiemers and Ger®n-Moser, 1993) . The anti-DIG antibody was applied diluted 1:7500 overnight at 48C. Digoxygenin-labeled cRNA probes were generated by using full-length clones and restriction sites within for ephrin-A5 (nucleotides 400±728 with EcoRI; A. Flenniken), ephA3 (nucleotides 2812±3197 with EcoRV; E. Pasquale), ephA4 (nucleotides 3194±4241 with NcoI; A. Flenniken), and ephA7 (nucleotides 1222±1847 with StuI; T. Ciossek). For the other cRNA probes, DNA fragments were generated by RT-PCR (cDNA cycle kit; Invitrogen) from poly(A) 1 -RNA (micro fast track 2.0; Invitrogen) isolated from mouse E17.5 hippocampus (ephrin-A4) or P1 total brain (ephrin-A2, ephrin-A3, ephA5, and ephA6). The ephA2 fragment was generated from ES cell cDNA. All DNA fragments were cloned in pBluescriptKS vector (Stratagene). Sequence-speci®c antisense and sense primers (¯anked with EcoRI and BamHI sites) were used to amplify DNA fragments spanning nucleotides 748±978 for ephrin-A2, 2165±2485 for ephrin-A3, 326±789 for ephrin-A4, 3070±3450 for ephA2, 1401±1707 for ephA5, and 3071± 3571 for ephA6. The identity of the fragments was veri®ed by sequencing. Using sense cRNA probes, we obtained no speci®c staining (data not shown).
